A 4 × 4 MIMO multiband antenna system for mobile handsets is proposed in this paper. The placement of the elements on the terminal chassis as well as the single structure has been optimized in order to reduce the Envelope Correlation Coefficient (ECC). Simulated and measured results, including also the integration with a a real 7-inch commercial tablet, aimed at validating the proposed solution are presented.
Introduction
Emerging applications for mobile Internet access such as video or audio streaming require constantly improving mobile network data rates. In order to follow this trend, new technologies as carrier aggregation and Multiple Input Multiple Output (MIMO) need to be used. Intra-and Interband carrier aggregation imply that multiband behavior needs to be supported permanently, which limits the use of reconfigurable solutions. MIMO technology requires integrating several radiating elements in a terminal with low mutual coupling. For example, Long Term Evolution (LTE) release 10 enables up to 4 * 4 MIMO schemes for uplink transmission; then, several elements need to be used.
Thus, one of the key challenges in mobile multiantenna systems is to design miniature and multiband elements, also having low Envelope Correlation Coefficients (ECC) and high efficiencies.
Recently, several solutions have been proposed to address this issue. In [1] , a 125 × 50 × 1 mm reconfigurable structure limited to two elements integrated in a 260 × 200 mm chassis has been proposed. Promising results are obtained in the 700-960 MHz frequency band, but coverage in the higher band is limited to the LTE2500 standard (2.5-2.7 GHz). In [2] , an interesting study on a smart-phone with two different structures is proposed, but this work only focuses on bands higher than 1 GHz. In terms of antenna isolation in MIMO structures, several techniques have been also proposed to reduce ECC. A first solution was proposed in [3] for a 4-element system based on the neutralization line technique. The isolation improvement is very important (>10 dB) but operates only on a single and narrow band. Several works have proposed adding slots in the PCB to realize wave-traps [4, 5] . All these different techniques improve antenna isolation but increase the complexity of the terminal fabrication, especially when the tablet edge has to be used to place several connectors, sensors, and speakers.
In order to take into account all these constraints, a proper methodology has to be used. One of the most used approaches relies on the study of the characteristic modes of the structure [6, 7] . The main objective of this approach is to place the antenna elements on the structure in such a way that each element excites the fundamental modes with different amplitudes and phases. As a result, the multiantenna system will have a low ECC.
In this paper, we propose a 4-radiating-element MIMO system solution enabling multiband behavior, low ECC, and high efficiency on a small terminal having limited volume dedicated to the antenna elements. The design methodology consists in two phases: the first one is the choice of the position of the elements on the terminal chassis, and the second one is the design of a specific multiband structure suitable for the selected position. 
Multiantenna System Design

Element Placement.
Concerning ECC in mobile communication technology, the main issues appear in the lower frequency (<1 GHz) because of the large wavelength compared to the terminal size. It has been demonstrated that, in this frequency range, the main part of the radiation comes from the chassis [8] . When a rectangular plate is considered, the first 4 characteristic modes excited are presented in Figure 1 [9] . For capacitive excitation performed by classical electric resonators like monopoles, the position to excite a specific mode has to be chosen where the current is minimal. Considering this fact, the only position on the chassis that can be used to excite the four modes simultaneously is one of the 4 plate corners. This configuration can be used for 4 × 4 MIMO systems because it allows the integration of 4 identical elements and maximizes the spacing among them. Consequently, a specific element structure has been designed to fit this configuration.
Single Element Design.
Dealing with the design of antennas for portable devices, three main challenges have to be faced: miniaturization, impedance matching, and acceptable efficiency over all the requested frequency bands. In latest mobile terminals, required standards are usually LTE 700 (790-862 MHz), GSM (880-960 MHz), DCS (1710-1880 MHz), PCS (1850-1990 MHz), UMTS 2100 (1920-2170 MHz), WLAN (2400-2480), LTE 2600 (2500-2690 MHz), and LTE 3500 (3400-3600 MHz). In order to simultaneously cover all these different frequencies, complex antenna structures are needed. The proposed structure is based on a folded monopole structure coupled with parasitic elements. The folded monopole has been widely used thanks to the small dimension and low-cost production and since it allows both the decrease of its size and the control of the higher resonance modes. To understand the proposed antenna radiation mechanism, a parametric study is presented to explain the influence of the different parameters. The longer folded monopole has a length of about 100 mm (mainly 1 + 2 + 3), equal to 1 /4, 1 being the wavelength at 750 MHz, allowing the low frequency band to be covered. By changing 1, the center frequency of this low band can be tuned as shown in Figure 3 .
The folded shape of this branch also allows the decrease of the third-order resonance from 2250 MHz to 1700 MHz. The shift amount is controlled by the coupling between 1 and 3, as shown in Figure 4 , where the effects given by the 3 variation are reported. To extend the middle band up to 2.7 GHz, a parasitic ground strip is placed close to the feeding port. Its total length 1 + 6 + 3 equals 28 mm, which corresponds to a quarter wavelength at 2.7 GHz. The coupled resonance can be tuned by varying 3 as shown in Figure 5 . However, a frequency band from 1.7 GHz to 2.7 GHz is quite large and the combination of the two previous resonators is not enough to cover the entire band. To solve this issue, an additional arm in the folded inverted-L shape of length 4 + 5 is used. By tuning the length 5, −6 dB matching on the 1.7-2.7 GHz is achieved as presented in Figure 6 . An additional printed monopole of length 7 + 8 is integrated in the design to cover the 3.4-3.6 GHz band. By changing the 7 length, the resonance can be tuned as shown in Figure 7 .
The optimized geometrical parameters of the final antenna structure are presented in Table 1 . Thanks to the symmetry of the structure, the simulated results are only presented in terms of 1 -parameters, = 1, . . . , 4 in Figure 8 . A −6 dB matching is obtained for the operating frequencies in the low (740-960 MHz), middle (1710-2690 MHz), and high bands (3400-3600 MHz). Moreover, the maximum mutual coupling (−7.8 dB) is obtained at 800 MHz between Antennas 1 and 4 ( 14) because of their proximity. For the other combinations ( 12 and 13) and bands, the antenna system exhibits an isolation better than 10 dB. Figure 9 shows the current on the PCB at 800 MHz when antenna 1 (up-left of the corner) is fed, and the other antennas are matched to 50 ohm. The antenna excites the different characteristic modes of the chassis. In the middle of the chassis, it can be seen that 1 and 2 modes are simultaneously excited, resulting in diagonal currents. The influence of the 3 mode is visible in the center of the PCB where a null in the current density is observed along a line, which is slightly slanted with respect to Figure 1 . From the sense of the current on the edges of the chassis, it can be deduced that the 4 mode is strongly excited. The radiation patterns obtained when the 4 different radiating elements are independently fed are presented in Figure 10 . For the sake of clarity, each radiation pattern is placed on the corresponding excited antenna. It can be easily seen that the radiation pattern shapes are identical unless for a mirror symmetry around the chassis center. As widely known, two formulas can be used for the calculation of the ECC of MIMO antenna systems. The first is based on theparameters of the two antennas whereas the second (1) uses the 3D complex radiation patterns [ 1 ( , ) and 2 ( , )]. Although much simpler to calculate, -parameter equation is not suitable in this study since it may give misleading results since it does not take into account the efficiency losses of the antennas. For this reason, (1) (for an isotropic propagation environment) was used:
Numerical and Experimental Validation
Analysis of the Current on the Structure and Simulated ECC.
The simulation of the ECC for the different antenna couples is presented in Table 2 . The ECC values are always below 0.08. Despite the smaller distance, it is worth noting that the antenna combination with the higher coupling (Antennas 1 and 4) has a lower ECC than the antennas on the diagonal (Antennas 1 and 3). As a matter of fact, because of the symmetry, the radiation patterns of the antennas located on the same edge are less correlated than those of the antennas on the diagonal.
Prototype Measurements.
According to the optimized parameters, a prototype of the antenna system was fabricated on a FR-4 Epoxy substrate of permittivity 4.4 and dimensions of 130 × 190 × 1.6 mm 3 . A picture of the prototype is shown in Figure 11 .
From the measurements presented in Figure 12 , it can be observed that the impedance bandwidth (defined for 11 < −6 dB) is 270 MHz from 730 MHz to 1000 MHz, corresponding to about 31% fractional bandwidth (FBW). In the middle band, the frequency bandwidth is 990 MHz, from 1710 MHz to 2700 MHz (45% FBW). In the higher band, the antenna is matched with the same criteria from 3.3 to 3.65 GHz (10% FBW). The total efficiency of the prototype was also measured using a StarLab-Satimo station (Figure 13 ). For radiation measurement, the unused antenna ports were matched with a 50-ohm load. The measured antenna efficiency ranges from −2.7 to −2 dB in the lower band, from −2.3 to −1.8 dB in the middle band, and from −4 to −2 dB in the higher band.
Influence of a Real PCB and Casing.
In order to further validate the proposed solution with a realistic test bed, a commercial 7-inch tablet has been mechanically modified to integrate the optimized antenna elements. The measured Sparameters of the new antenna system prototype including the real PCB and the casing are presented in Figure 14 . Some slight differences with respect to Figure 11 due to the coupling of the antennas with the electronic components on the PCB are observed. The measured prototype total efficiency (Figure 15 ) is acceptable and similar to what was shown in Figure 12 . The nonsymmetrical placement of the electronic components causes small differences among the four antenna behaviors.
Conclusion
In conclusion, a multiband 4 × 4 MIMO antenna systems has been proposed. It can operate in the frequency bands usually required for compact mobile terminals including the low frequencies in the LTE standard (740-3650 MHz). The placement as well as the structure of the 4 antenna elements has been optimized in order to reduce the ECC. The proposed solution has been integrated into a commercial 7-inch tablet. The measured performance ensures that the antenna can operate with good performance over the required bands.
